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ABSTRACT

This paperpresentghe photometricluminosity classi cationof M dwarfsin Kaptyn's SelectedArea 109
(SA109)as part of an ongoingprogramat Ball StateUniversity to probelow luminosity star contritutions
to the luminosity function. The reductionof datataken at the Southeasterssociationfor Researchn As-
tronomy(SARA) telescopes still in theinitial phasesbut comparison®f this datato previous datafrom the
NationalUndegraduateResearciObsenatory (NURO) andthe Ball StateObsenatory (BSO) shav thatthe
classi cationresultsareconsistentWith alimiting magnitudeof R=15.25we have obsered nearlyhalf of a
squaredeggreein SA109andhave detectechpproximately74 percentof the expectedM dwarfs,asdetermined
by theluminosity function. The 26 M dwarfs which have beenidenti ed usingR, | andCaH photometryare
con rmed using2MASS J, H an K magnitudes.We presentthe detectionsof 178 4.1 early type M dwarfs
in half of SA109,comparedo the expectedvalue of 168 4 for the entireregion asdeterminedhe accepted

luminosityfunction.

Subjectheadings:stars:luminosity functionandmassfunction

1. INTRODUCTION

To understandsalacticstructureit is essentiato determine
the luminosity function, of a large enoughlocal region, so
that we canaccuratelydescribethe history of the evolution-
ary procesf theMilky Way. In orderto nd theluminosity
function, the distribution and quantitiesof differentspectral
typesthroughouthe Milky Way; it is necessaryo completea
thoroughstellarcensusMarny sky suneys, andstandardists,
aredominatedby high luminosity sources.Thisis dueto the
historical needfor bright standardswith shorterintegration
times,andgreaterux es. Thus,obsenationsof low luminos-
ity starshave beenthe increasedocusof mary astronomical
programsn therecentyearsasinstrumentatiornasimproved
andfainterlimiting magnitudesiave beenattained.

Thepresencef CaHin thespectreof M dwarfs,andits ab-
sencen M giants,was rst identi ed by Ohman(1934).This
discrepang is dueto thelower surfacepressuref thein ated
giant, but its similar temperatureo a dwarf. It wasalsode-
terminedthat TiO is morealundantin M giantsatmospheres
thanin M dwarfs (Ohman1934). Theseobsenationsagree
with the restrictionson molecularenvironmentsestablished
by Sahas equation. Thus, CaH canbe usedto differentiate
betweenM dwarfsandM giants,aswell asto probesurface
gravity of M dwarfs (Mould & Wallis 1977).

Although the identi cation of M dwarfs using spectrais
very usefulit requiresa large amountof observingtime due
to their low luminosity This restrictsthe quantity that can
be obtainedin a single observingrun. Sinceit is our goal
to determinethe luminosity function we needlarge samples
andsowe useintermediatebandphotometry By observing
usingaintermediatebandCaH lIter, we areableto classify
M dwarfsusingCaH r vs. R- | color- color plots (Robertson
& Scott2000(RS2000),Matney etal. 2004). The obsered
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magnitudesare transformedo the Kron- Cousinssystemto
allow for consisteng with all previous datataken at at BSO
andNURO (Robertsor& Jordan2005,RS2000).

It is the purposeof this progranto identify variationsin the
luminosity functionfor SelectedAreasbothin andoutsideof
the Galacticplane.Ball Statebecamea memberof SARA in
the fall of 2005and hasonly recentlybegun to reducedata
from this telescope.Previous datawill be easily compared
to this new datasinceall obsenationshave beentransformed
to the standardsystem. After theinitial datais reducedit is
expectedthatary necessarghangedo the observingmethod
will be madeandthatlarge sampleswill be obtainedo allow
for greaterstatisticalsigni cance.

2. OBSER/ATIONS AND DATA REDUCTION
2.1. Observations

OurdatawereobtainedusinganApogeelU42 cameranthe
SARA telescopatKitt PeakNationalObsenatoryonJune?,
2007.TheApogeecamerds a2048£ 2048pixel CCDwhich
is thermoelectricallycooledto between 17Cand- 20C. Our
obsenrationsweretakenusing2 £ 2 binningto decreaséoth
readouttime and le size. This binning setthe platescaleto
0.77%perpixel andthe eld of view to 13.14. Obsenations
of standardswvere taken usingthe V,R,I,CaH,andB lters,
and program elds wereimagedthroughthe R, I, and CaH
Iters.

We wereableto image elds 109Athrough109L giving us
12 of the 25 elds which compriseSA109. Our datagather
ing techniqueutilizes short, intermediateand long exposure
sequencefn all three lters. This ensureghatthe brightest
sourcesrenot over saturatedn the shortexposuresequence
andthatthe the fainter sourcesare detectedwith reasonable
signal to- noisein the long exposuresequence.The useof
theintermediatexxposuresto allow for furthersourcematch-
ing betweerthe shortandlong exposuresvhich givesgreater
statisticalsigni canceto photometricvalues. Sincethe long
CaHexposureis 720s,it wasessentiato have a stableguide
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starfor the eld. Intheeventthatastableguidestarcouldnot
befound,we insteadacquiredsix 120simages.Thelimiting
magnitudefor our obserationsis m(R)» 15.25andwasde-
terminedby plotting our obsered R magnitudesagainstthe
correspondingrrorin thosemeasurements.

2.2. DataReduction

Thedatareductionprocesdor this programutilized IRAF,
MaxIim DL, andMicrosoft Excel. Theinitial IRAF reduction
was donewith the standardprocedureof computingmaster
darks and bias framesthroughthe use of zelocombineand
darkcombine Themasterats werecomputedusing atcom-
bine andthe objectframeswereprocessedisingccdpioc. In
the eventthata properguide star could not be found, asde-
scribedin §2.1, the six 120sCaH exposuresvere combined
at this point usingimcombine Then, for detectionsabove
a 50 countthreshold,dao nd was usedto computecoordi-
nate les, aswell as, magnitudeles usingphot For these
detectionghe fwhm= 4 anda sourceapertureof 14 pixels
wasused. To transformthe R and| magnitudego the stan-
dardKron- Cousinssystemthe standardsvere rst t to the
Landolt catalogvalues(Landolt1983,1992using tpar ams
Then,invert t wasusedto transformthe objectmagnitudeso
the standardsystemusing valuesthat were determinedrom
thestandardbsenations.Sourceswhich did nothave match-
ing detectiondn all three Iters, but werein the sameexpo-
suresequencewere excludedsincepropercolors could not
becomputedby tparams

Using MaxIm DL, the world coordinatesystem(WCS)f
each eld wasestablishedy using pinpoint astometry In
this stepthelong R exposureémageswereprocessedor each
eld sincethey have positionsfor all starsdetectedAfter the
installation of the WCStool$ packagein IRAF, imstar was
usedalong with the coordinate le previously compiled by
dao nd to determinethe ®2000)and+(2000)of eachdetec-
tion.

The coordinateand magnitudedatawere thenloadedinto
Excel. At this point a sorting protocolwas establishedo 1)
remove spuriousdetectiondetweenlters, 2) identify multi-
ple detectionof the samebright source and3) matchdetec-
tions betweenthe threeexposurelengthsequencefor a sin-
gle star Treatingeachsequenceeparatelydetectionsvhich
were missingary magnitudeor color valueswere removed.
Thendetectionswithin 15 pixels of column 109 were elimi-
nated py sortingby physicalX coordinatessincethiscolumn
is non responsie andleadsto inaccuratephotometry Next,
¥(X) and3{Y) werecomputedor all detectionsn each Iter .
By remuving all detectionswith ¥:greaterthan2%,, all de-
tectionswith spuriougnatchesetweenlters wereexcluded.
The WCS valuesdeterminedby imstar were then addedto
thedatasheetaindphysicalcoordinatesverematchedetween
photometriandastrometricdetectionsThismatchwasmade
for all the detectionsn thelong sequencandcomparisorof
photometricand astrometrionagnitudedor all twelve elds
yields¥ag(R)=0.219magnitudesMatchesbetweertheshort,
intermediateandlong exposuresvere madeby comparison
of physical coordinatesas well asphotometricvalues. The
multiple detectionphotometryvalueswere averagedandthe
¥, was computedfor the colors and magnitudes. For the
matchesin all 12 elds, ¥a4(R)=0.043, ¥4,4(CaH)=0.048,
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Yavg(R- 1)=0.038,%¢(CaH- r)=0.054.

Due to the fact that SARA datafor this programis fairly
new, thereis no de nite reductionproceduren place. Thus,
somepartsof thereductionprocesswill likely be automated
throughthe developmentof furtherIRAF protocol,aswell as
the extensve utilization of Excelmacros.

3. DATA AND RESULTS
3.1. Color- Color M Star LuminosityClassi cation

As explainedin 81,thepresencef CaHin the spectrunof
aM staris aclearindicatorthatit is adwarf. The photometric
color- colorplotin Figurel shavsthedifferencebetweerthe
dwarf andgiant sequencesThe dividing line is the location
wherethe giantanddwarf loci diverge ashasbeenpreviously
determinedby Dr. Robertson. To the left of this dividing
line are starsof highertemperaturevhere CaH can not be
usedto determinespectralclass.To theright of this dividing
line theM dwarf locusdisplaysexcessabsorptiorin the CaH
magnitudewhen comparedto the giant locus. Thesedata
are sortedby the errorin R- 1, with the highestquality data
(34R-1)- 0.02)directly correlatedto the limiting magnitude
of the project.
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FiG. 1.— Colorcolor plot of SARA photometriadetectionsn SA109with
giantanddwarf loci over-plotted.

Of particularinterestjn thedeterminatiorof theluminosity
function, arethe dividing lineswhich correspondo theinte-
gerrangesn absoluteR magnitude.Theserangeshave been
establishedising,

Mg =- 6:862+61:375R- |)- 108875R- 1)?
+90:198R- 1)3- 27:468R- 1)*
for0:4- (R-1)< 1:0,and
Mg =- 114355+ 408842R- 1)- 513008R- 1)?
+286537R- 1)*- 59:548R- 1)*

for 1:0 - (R- 1)1:5, asdeterminedby Siegel et al. (2002)
and are overplottedin Figure 1. The luminosity function
andphotometriccolorindicesfrom Cox (2000)wereusedby
Robertsor& Mason(2007)to computethe expectednumber
of M dwarfs for eachsquaredegreeto a limiting magnitude
of R=15. Using this methodGregory Mace determinedthe
valuesshowvn in thelastcolumnof Tablel for alimiting mag-
nitudeof R=15.25.
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TABLE 1
EXPECTED QUANTITIES FOR SA109 BASED ON MAIN SEQUENCE LUMINOSITY F

M(V) © M(R) Spectralfype d

VolumeSampled QuantityExpectedor 1 deg

2

(pc) (pc3) (R=15.25)
8 241 6.90 K7 468 10373 408 6.3
9 232 772 MO 321 3341 168§ 4.0
10 -2.14 850 M2 224 1137 8§ 2.8
11 -1.99 9.35 - 151 351 48 2.0
12 -1.82 102 M5 102 109 28 1.4

REFERENCES. — Cox (2000)

FIG. 2.— Color-color plot of ¥{R- 1)- 0.02SARA photometricdetections
in SA109with giantanddwarf loci over-plotted.

TABLE 2
MEASURED QUANTITIES
FOR M DWARFS IN SA109

R-1  M(R)

0.728 7.20
0.849 7.71
1.036 852 2§14
1.235 9.35 181
1460 10.2 0

Quantity

68 2.4
178 4.1

Sincethe areasuneyed in this paperis only for 12 of the
25 elds which compriseSA109,it is expectedthatapproxi-
matelyhalf asmary detectionsvould befoundasis presented
in Tablel. Plottingonly thedatafor ¥{R- I)- 0.02in Figure2,
therearefour distinctgroups.Thewarmerstars |eft of thedi-
viding line, form anincompletesampleof the rst magnitude
rangedueto theionizationof CaH for R- 1<0.70. The giant
and dwarf groupshave beendeterminedby their proximity
to their correspondindoci. Theindeterminataletectionsare
within error maigins of two or more determininglimits, and
thuscouldnotbeclearlyclassi ed. Table2 presentshequan-
tities which have beendeterminedisingthe mostprobableM
dwarf detectiondrom Figure2.

3.2. 2MASPata

To betterclassifythe M dwarfs, 2MASS datawere com-
piled for all low error detectiongo the right of the dividing
line in Figure 2. Matcheswere de ned for all 2MASS
detectionsas being within 3.6°{5 pixels) of our astrometric
detectionsand having consistenphotometry Figure 3 is the
color- color plot of the 2MASS datafor our detectionswith
the dwarf and giantloci overplotted(Bessell& Brett 1988).
The dividing line hasbeenpredeterminedby Dr. Robertson

FiG. 3.— Color-color plot of 2MASS photometryfor ¥{R- 1)- 0.02detec-
tions with giantanddwarf loci over-plotted. Error barsof ¥avg740.036are
plottedfor dwarf detectionsout arepresenfor all points.

as the location where the giant and dwarf loci are not far
enoughapartto be discernibledue to the average2MASS
error of %3.6 percent. This error hasbeenplotted on the
dwarf classi cationsto displaytheir size, but are presentor
eachpointwithin theplot.

4. DISCUSSION

Thedatapresentedn Figure2 shav thedistinctly separate
colorsof M giantsand dwarfs. Whenthe dataare closeto
the dividing line, the differenceis lessobvious, andspurious
classi cationscanoccurif careis not taken. However, when
groupingmy data,to be plottedin Figure3, | appeartto have
beenoverly strictin determiningwhich starsin Figure2 were
dwarfs. Thisis evidentby the large numberof indeterminate
detectionsvhichlie on,or verynear thedwarflocusin Figure
3 andmaybeM dwarfs. A furtherpoint by pointcomparison
betweenFigures2 and3 will likely leadto betterclassi ca-
tion aswell asa betterdeterminatiorof the dwarf andgiant
sequencesearthedividing line in Figure2.

Quantitieswhich werepresentedn Table2 arenot exceed-
ingly differentfrom theexpectedvaluesin Tablel. Thequan-
titiesin Table2 aregenerallywithin theexpectederrorvalues
thatweredeterminedisingthe accepteduminosity function.
Sincea detectionis eitheragv dwarf, or it is not, Poisson
statisticssuggesin errorof = numberdeteded andthis ac-
countsfor differencesn the bottomthreerows. The quantity
in thesecondrow of Table2 is high evenaftertakinginto ac-
counttheseerrors,whichleadsto theconclusiorthatthereare
moreMO dwarfsin SA109thanis describedy the accepted
luminosity function. The rst row of Table2 is not nearthe
expectedvaluefor anumberof reasonsThegreatespf these
is thatnearlyhalf of therangein questionis truncatedoy the
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TABLES3

ReductionlD

®
(2000.0)

+
(2000.0)

R

M(R)

CaH

R-1

CaHr

H

K

d
(pc)

SA109L2-10
SA109L3-47
SA109E-34
SA109E2-18
SA109K2-21
SA109E-20
SA109K3-56
SA109D2-23
SA109C3-55
SA109D-1
SA109E-10
SA109J2-11
SA109F2-10
SA109A3-77
SA109A3-90
SA109A3-79
SA109B3-43
SA109F3-61
SA109G3-75
SA109H2-24
SA109H2-29
SA109G3-41
SA10913-87
SA109H-8
SA10912-11
SA10913-81

17:46:01.5
17:46:29.529
17:46:38.817
17:46:49.633
17:47:00.943
17:47:06.615
17:47:11.945
17:47:12.834
17:47:13.795
17:47:16.235
17:47:16.502
17:47:29.858
17:47:36.531
17:47:43.745
17:47:46.138
17:47:51.097
17:48:09.503
17:48:11.589
17:48:23.194
17:48:25.730
17:48:29.485
17:48:35.953
17:48:41.876
17:48:46.449
17:48:54.041
17:48:56.921

+00:03:36.82
+00:05:25.17
-00:22:35.14
-00:23:32.44
+00:12:23.65
-00:27:22.10
+00:07:21.22
-00:10:49.79
-00:05:20.56
-00:14:59.91
-00:27:47.22
+00:08:27.63
-00:30:15.27
-00:16:40.29
-00:07:38.70
-00:12:25.40
-00:05:24.63
-00:21:54.36
-00:28:35.50
-00:17:02.41
-00:11:54.82
-00:28:58.95
-00:06:24.89
-00:17:49.65
-00:03:20.88
+00:00:33.69

13.245
14.720
14.012
13.343
13.514
13.666
14.976
13.747
14.944
12.117
13.167
13.137
13.329
14.480
15.028
14.821
14.468
14.865
14.859
13.498
13.769
14.711
15.051
13.197
12.622
14.976

7.546
7.203
7.339
7.320
7.716
7.446
7.861
7.613
7.622
7.857
7.413
7.383
7.367
7.176
7.210
7.355
8.199
9.594
7.618
7.280
7.677
7.265
8.073
7.660
7.156
8.875

14.932
16.416
15.683
15.050
15.178
15.317
16.690
15.441
16.605
13.781
14.832
14.816
15.003
16.210
16.755
16.536
16.212
16.649
16.507
15.196
15.448
16.399
16.870
14.846
14.310
16.715

0.814
0.728
0.763
0.758
0.854
0.790
0.887
0.830
0.832
0.886
0.782
0.774
0.770
0.721
0.730
0.767
0.962
1.298
0.831
0.748
0.845
0.744
0.934
0.841
0.716
1.114

2.144
2.158
2.133
2.169
2.120
2.111
2.166
2.143
2.105
2.107
2.126
2.147
2.139
2.167
2.163
2.146
2.163
2.186
2.108
2.169
2.139
2.159
2.268
2.109
2.163
2.167

11.239
13.084
12.251
11.577
11.315
11.674
12.749
11.753
13.199
9.818
11171
11.6
11.331
13.435
13.372
13.06
12.053
12.186
13.293
11.502
11.812
12.818
12.936
11.013
10.733
12.635

10.472
12.478
11.639
10.931
10.577
10.999
11.952
11.035
12.544
9.017
10.478
10.883
10.605
12.752
12.705
12.414
11.295
11.476
12.45
10.807
11.071
12.174
12.189
10.302
10.095
11.918

10.273
12.337
11.483
10.781
10.356
10.771
11.772
10.876
12.377
8.757
10.329
10.737
10.398
12.609
12.562
12.262
11.09
11.206
12.262
10.604
10.896
11.989
11.992
10.052
9.924
11.658

138
319
216
160
144
175
265
169
291
71
141
141
156
289
366
311
179
113
281
175
165
308
249
128
124
166

dividing line in Figure2, whereCaHis ionized,andthushas
beenexcluded. Anotherreasoris dueto thelikely classi ca-
tion of dwarfsasindeterminatelueto their closeproximity to
theotherregions.

Overall, the datapresentedn this paperis a greatinitial
probeof the applicationof this programs techniguedo iden-
tifying M dwarfs with SARA obsenrations. The valuesin
Table 2, while not fully consistentare of the sameorder of
magnitudeasthe expectedquantitiesn Table1 andmary are
within theexpectecderror. A full analysisof SA109,aswell as
follow-up individual classi cationsfor eachstar shouldfur-
therreduceselectionerrorandyield moredesirableresults.

5. SUMMARY

The presencef CaHin the spectrumof a M staris a clear
indicatorthatit is a dwarf. The determinatiorof the number
of dwarf starsof eachabsolutenagnitudejn a givenvolume
of space establisheshe luminosity function for that region
anda knowledgeof this is essentiato our understandingf
Galacticevolution. For SA109, which is nearthe galactic
plane,the valuesof the luminosity function are of the same
orderof magnitudeaswould be expectedby our currentes-

timatesof the luminosity function. The exceptionto this is

early type M dwarfs which have a higher frequeng thanis

expected. Yet, with suchsmall numbersandhigh errorswe

cannot be sureof our classi cation of this region ashaving

anM dwarf excessuntil the entireregion hasbeenanalyzed.
Theobsenationandreductionof datafor otherselectedreas,
within this program,will leadto betterdetermination®f the
luminosity functionfor low luminosity sources.

GM thanksDr. Lisa Pratoof Lowell Obsenratoryfor giving
him awealthof knowvledgeon datareduction aswell asanex-
tremelyhelpful LaTeX examplewith which | wasableto es-
tablisha formatfor this paper Thanksto Matt Wood, Florida
Instituteof TechnologyandSARA for this REU opportunity
aswell asthe observingime to have takenthe datapresented
here. This projectwasfundedby a partnershipbetweenthe
NationalSciencdroundation(NSFAST- 0552798) Research
Experiencedor UndegraduategREU), andthe Department
of Defense(DoD) ASSURE (Awardsto Stimulateand Sup-
portUndegraduateResearctexperiencesprograms.

REFERENCES

Barhkuy, B., Schiavon, R.P, Gregorio- Hetem, J., Singh,PD. & Batalha,C.,
1993,A&A, 101,409

BessellM.S., & Brett,J.M.,1988,PASP,100,1134

Cox,A.N. (ed),Allen's AstrophysicalQuantities 4th ed, 2000,388& 485

Landolt,A.U., 1983,AJ, 88,439

Landolt,A.U., 1992,AJ, 104,340

Matney, J.E.,RobertsonT.H.,JordanT.M. etal., 2004,BAAS 136,584

Mould, J.R.,& Wallis, R.E.,1977MNRAS, 181,625

Ohman,Y., 1984,ApJ, 80,171

RobertsonT.H. & Furiak,N.,1995,BAAS 27,1302 (abstraconly)

RobertsonT.H. & Scott,A., 2000,BAAS 321392

RobertsonT.H. & Jordan,T™M., 2004,BAAS 36,1348

RobertsonT.H. & Mason,J.R.2007 (privatecommunication)

Siegel, M.H, Majewski, SR.,Reid|.N., & Thompson).B., 2002,ApJ, 578,
151



